Complex fragment emission in low energy light-ion reactions 
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Inclusive energy spectra of the complex fragments (3 < Z < 5) emitted in the reactions 12 C 
(77 MeV)+ 28 Si, n B (64 MeV)+ 28 Si and 12 C (73 MeV)+ 27 A1 (all having the same excitation 
energy of ~ 67 MeV), have been measured in the angular range of 10° < 6i a b < 60°. The fully 
energy damped (fusion-fission) and the partially energy damped (deep inelastic) components of the 
fragment energy spectra have been extracted. It has been found that the yields of the fully energy 
damped fragments for all the above reactions are in conformity with the respective statistical model 
predictions. The time scales of various deep inelastic fragment emissions have been extracted from 
the angular distribution data. The angular momentum dissipation in deep inelastic collisions has 
been estimated from the data and it has been found to be close to the corresponding sticking limit 
value. 

PACS numbers: 25.70.Jj, 24.60.Dr, 25.70.Lm 



I. INTRODUCTION 

The phenomenon of complex fragment emission in low- 
and intermediate-energy nucleus- nucleus collisions has 
been a subject of intense theoretical pHl] and experimen- 
tal (9M43I studies for the last few decades. It is nowadays 
known from these studies that the origin of the com- 
plex fragments may be broadly classified into two major 
categories, i.e., fusion- fission (FF) and non- fusion (deep 
inelastic, quasi elastic, breakup, etc.) processes. A large 
part of the above studies have been devoted to under- 
stand the mechanism of complex fragment emission in 
fusion-fission process for both heavy (typically, ^projectile 
+ ^tar g et f ', 60) as well as light compound systems [l|- 
H, IM1 Hfl-Si- 0n the other hand > the properties of 
deep inelastic (DI) reactions have been studied in details 
mostly for heavier systems in the past decades (see, for 
example, [l7l - [l^ | and references therein) to extract im- 
portant information about the origins of nuclear relax- 
ation processes, and the data on DI reactions for lighter 
systems are rather scarce [25J, l28l43Cll | . This might be due 
to the fact that, unlike in the case of heavy systems, the 
distinction between the DI and the FF processes is rather 
difficult for light systems, as in the later case there is 
strong overlap in the elemental distributions of the frag- 
ments originating from the two processes. The scenario 
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becomes further complicated particularly for the reac- 
tions involving a - cluster nuclei, where nuclear structure 
is also known to play an important role in the equilib- 
rium emission of complex fragments. In these cases, in 
addition to the standard fusion-fission route of fragment 
emission, the projectile and the target have a finite prob- 
ability to form a long-lived dinuclear composite, which 
directly undergoes scission (without the formation of the 
fully equilibrated compound nucleus) to emit complex 
fragments. This process, termed as nuclear orbiting |42| . 
has been shown to contribute significantly to the frag- 
ment yield in many reactions involving light a - cluster 
nuclei (e.g., 16 + 12 C 20 Ne + 12 C [M IIS 11 III , 
24 Mg + 12 C 0, 28 Si + 12 C 0,111 etc.). 

In recent years, a few studies have been made on the a- 
cluster system 40 Ca* and the neighboring non-a-cluster 
systems to look into the relationship between equilib- 
rium emission of fragment (and vis-a-vis orbiting) and 
a-clustering. From the study of fragment emission (6 
< Z < 8) in the inverse kinematical reaction 28 Si + 12 C 
at energies 29.5 MeV < E c . m <50 MeV 03, it has been 
conjectured that orbiting played a crucial role in fully 
energy-damped fragment emission. Even for the non - a - 
cluster system with A 



- 12 C 44]. the yields of fully energy-damped 
< Z < 8) were found to have contributions, 



CN ^ 42 ( 28 Si + 14 N), where the 
number of open reaction channels was large compared to 
that of 28 Si 
fragments ( 

though smaller in magnitude, from the orbiting process 

It will, therefore, be worthwhile to study the emission 
of lighter fragments ( Z < 6) in particular, for systems 
around Aqn — 40, to extract the contributions of dif- 
ferent emission mechanisms, which will be p artly com- 
plementary to the earlier measurements [4l| . Here, we 
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report our study of light fragment (3 < Z < 5) emission 
from a-cluster system ( 40 Ca*) produced in 12 C (77 MeV) 
+ 28 Si reaction, as well as those from the neighboring 
composite system 39 K* produced at the same excitation 
energy (~67 MeV) via two different reaction channels 
( n B (64 MeV)+ 28 Si and 12 C (73 MeV)+ 27 Al); the last 
two reactions have been chosen to crosscheck the equi- 
librium decay nature (absence of entrance channel de- 
pendence) of the energy damped binary fragment yield 
in the decay of 39 K*. The time scales and the angular 
momentum dissipation factors for DI fragment emission 
in these reactions have also been studied. 

The article has been arranged as follows. The experi- 
mental arrangement has been described in Sec. II. The 
experimental results and analysis have been presented in 
Sec. Ill and the discussions of the results have been given 
in Sec. IV. Finally, the summary has been given in Sec. 
V. 



II. EXPERIMENT 

The experiment has been performed using 12 C and n B 
ion beams from the BARC - TIFR 14UD Pelletron ac- 
celerator at Mumbai. The 12 C ion beam of energy 77 
MeV was bombarded on a self supporting 28 Si target of 
thickness ~1 mg/cm 2 , to produce 40 Ca* at ~67 MeV 
of excitation energy In addition, the 12 C ion beam of 
energy 73 MeV and the n B ion beam of energy 64 MeV 
were bombarded on 27 A1 (self supporting, ~500 ^g/cm 2 ), 
28 Si (thickness same as above) targets, respectively, to 
produce the same composite 39 K*, at the same excita- 
tion energy (-67 MeV). The fragments (3 < Z < 5) 
have been detected using Silicon detector (surface bar- 
rier) telescopes (~10/im AE, — 350/mi E). The calibra- 
tion of the telescopes were done using the elastically scat- 
tered 12 C, n B ions from Al, Si and Au targets. The 
inclusive energy distributions of the emitted fragments 
for each reaction have been measured in the laboratory 
angular range of ~12° to 55° [ -18° - 82° in the center- 
of-mass (cm.) frame]. The total systematic error in the 
data, arising from the uncertainties in the measurements 
of the solid angle, the target thickness, and the calibra- 
tion of current digitizer have been estimated to be ~ 
12%. 
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FIG. 1. (Color online) Typical energy spectra of the fragments 
measured for the reactions 12 C + 28 Si (a) - (c), 12 C + 27 Al 
(d) - (f) and n B + 28 Si (g) - (i) at 0, ab = 17.5 (a) - (h) 
and 30° (i). The blue dash-dotted, the black dotted, and the 
red solid curves represent the contributions of the FF, the DI, 
and the sum (FF + DI), respectively. The left and the right 
arrows correspond to the centroids of FF and DI components 
of energy distributions, respectively. 



In order to extract the FF and the DI components, 
the energy distribution of each fragment at each angle 
has been fitted with two Gaussian functions in two steps, 
as prescribed in [29|, H3|. In the first step, the FF contri- 
bution has been obtained by fitting the energy distribu- 
tion with a Gaussian having the centroid energy obtained 
from Viola systematics, duly corrected for the asymmet- 
ric factor [HI, |49| . The width of the Gaussian has been 
obtained by fitting the lower energy tail of the spectrum. 
The FF component of the energy spectrum thus obtained 
has then been subtracted from the full energy spectrum. 
In the next step, the DI component has been obtained 
by fitting the subtracted energy spectrum with a second 
Gaussian. The contributions of FF and DI components 
thus obtained (for each fragment) have been displayed 
in Fig. [TJ In each spectrum, the arrow at lower (higher) 
energy indicates the position of the centroid of the FF 
(DI) energy distribution. 



III. ENERGY SPECTRA 

Typical energy spectra of the fragments (3 < Z < 5) 
emitted in n B (64 MeV) + 28 Si, 12 C (73 MeV) + 27 A1 
and 12 C (77 MeV)+ 28 Si reactions have been shown in 
Fig. [1] It is clear from the figure that the shapes of the 
fragment energy spectra obtained in the three reactions 
are quite different. This is mainly due to the variation of 
the relative contributions of DI and FF processes in each 
case. 



A. Study of FF fragments 

1. Angular distribution 

The FF fragment angular distribution has been ob- 
tained by integrating the corresponding Gaussian ex- 
tracted from the energy distribution. The cm. angu- 
lar distributions (da /A^Iff) of the FF fragments (Li, Be 
and B) have been shown in Fig. O It is evident from the 
figure that the angular distributions of all FF fragments 
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FIG. 2. (Color online) The cm. angular distributions of 
the fragments Li (a), Be (b) and B (c). Solid circles (red), 
triangles (blue) and inverted triangles (black) correspond to 
the experimental data for the reactions n B + 28 Si, 12 C + 
27 A1 and 12 C + 28 Si, respectively. Solid curves are fit to the 
data with the function f(9 c . m .) ocl/sin# c . m . 

follow ~ l/sin# c . m . dependence, which is characteristic 
of the fission-like decay of an equilibrated composite sys- 
tem. It is also clear from the figure that the yields of Li 
and Be are almost same at all angles for 11 B + 28 Si and 
12 C + 27 A1 reactions. It has further been observed that 
yield of the fragment B in n B + 28 Si reaction was more 
than that in 12 C + 27 A1 reaction. It has also been ob- 
served that the fragment angular yields for the reactions 
n B + 28 Si and 12 C + 27 Al are a little higher (though 
nearly comparable in magnitude) than those obtained in 
12 C + 28 Si reaction at the same excitation energy. 



2. Total fragment yield 

The experimental angle integrated yields of the FF 
fragments for all the three reactions have been shown 
in Fig. [3l It is found that the yields of Li and Be in n B 
+ 28 Si and 12 C + 27 A1 reactions are nearly the same; 
the absence of any entrance channel dependence confirms 
their compound nuclear origin. It has also been observed 
that the yields of these fragments are comparable to those 
obtained in 12 C + 28 Si reaction. The yield of B in the re- 
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FIG. 3. (Color online)The total FF fragment cross sections for 
the three reactions. The solid circles (red), triangles (blue), 
and inverted triangles (black) correspond to the experimental 
data for "B + 28 Si, 12 C + 27 Al, and 12 C + 28 Si reactions, 
respectively. The solid (red), dashed (blue) and dotted (black) 
lines are the corresponding theoretical predictions. 

action n B + 28 Si has been found to be slightly more than 
that obtained in the other two reactions, which might be 
due to the contamination from the beam-like channels in 
the former case, where B was the projectile. 

The experimental FF fragment yields have been com- 
pared with the theoretical estimates of the same obtained 
from the extended Hauser-Feshbach model (EHFM) [5(| ■ 
The values of the critical angular momenta have been ob- 
tained from the experimental fusion cross section data, 
wherever available [5l|, [52[ ; otherwise, they have been ob- 
tained from the dynamical trajectory model calculations 
with realistic nucleus-nucleus interaction and the dissipa- 
tive forces generated self-consistently through stochastic 
nucleon exchanges [53]. The values of the critical angu- 
lar momentum, l cr , for all the three systems, have been 
the same (27 H). The calculated fragment emission cross 
sections have been shown in Fig. [3] It is seen from the 
figure that in all three cases, the theoretical predictions 
are nearly the same and are in fair agreement with the 
experimental results. 



B. Study of DI fragments 

1. Angular distribution 

The DI component of the fragment angular distri- 
bution has been obtained by integrating the respective 
Gaussian extracted from the energy distribution data. 
The cm. angular distributions of the DI components 
da / AO, o i of the fragments have been displayed in Fig- [4] 
It is found that they fall much faster than ~l/sin# c . m . 
distribution, indicating shorter lifetime of the composite 
system. Such lifetimes are incompatible with the for- 
mation of an equilibrated compound nucleus, but may 
still reflect significant energy damping within the deep- 
inelastic collision mechanism. It is possible to estimate 
the lifetime of the intermediate di-nuclear complex using 
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FIG. 4. (Color online) The cm. angular distributions of the 
DI fragments [Li (a), Be (b), and, B (c)]. The solid circles 
(red), triangles (blue), and inverted triangles (black) corre- 
spond to the experimental data for U B + 28 Si , 12 C 4- 27 Al, 
and 12 C + 28 Si reactions, respectively; the solid lines are the 
fits to the data (see text). 



a diffractive Regge-pole model |32|, |54j from these mea- 
sured forward peaked angular distributions. The angular 
distributions have been fitted using the following expres- 
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FIG. 5. (Color online) The emission time scales of different 
DI fragments. 



emission of lighter fragments requires more nucleon ex- 
change and therefore longer times. The emission time 
scales of the fragments are related to the number of nu- 
cleons exchanged on the average. This explains why the 
emission time scales of 12 C-f 27 Al and 12 C4- 28 Si reactions 
are nearly the same for all fragments. On the other hand, 
in the case of 11 B4- 28 Si reaction, net nucleon exchange is 
one less to reach any particular fragment; so the corre- 
sponding time scales are less. For example, in terms of 
net nucleon exchange, the emission time scale of Li (Be) 
from 11 B+ 28 Si should be comparable to that of Be (B) 
from 12 C4- 27 A1 and 12 C4- 28 Si reactions, which is actually 
the case (Fig. [5]). 



(da/dVt) DI = (C / sinQ c . m )(e 
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(1) 



The expression describes the decay of a di-nucleus ro- 
tating with an angular velocity lu — hl/[iR 2 , where /j, 
is the reduced mass of the system, I is the angular mo- 
mentum (l cr < I < l gr ; l gr , l cr being the grazing and 
the critical angular momenta, respectively), R represents 
the distance between the two centres of the di-nucleus 
and tdi is the time interval during which the two nuclei 
remain in a solid contact in the form of the rotating di- 
nucleus. The value of the 'life angle' a(= lotdi) decides 
the time scale of the reaction. The forward peaked an- 
gular distributions (and small values of a) are associated 
with the fast processes; on the contrary, large values of 
a ( > 27T, associated with longer times as compared to 
the di-nucleus rotation period T eq = 2n/ui), correspond 
to the long lived configurations and lead to isotropic an- 
gular distributions. The time scales for different DI frag- 
ments (Li, Be and B) thus obtained have been shown 
in Fig. [5] for comparison. It is seen that, in all reactions, 
the time scale decreases as the fragment charge increases, 
which is in conformity with a previous study by Mikumo 
et al. 54]. This is expected because the heavier frag- 
ments (nearer to the projectile) require less nucleon ex- 
change and therefore less time; on the other hand, the 



2. Average Q value 

The average Q values (< Qdi >) of the DI fragments, 
estimated from the fragment kinetic energies assuming 
two-body kinematics, have been displayed in Fig. [6] as 
a function of the cm. angle. It is found that, for all 
fragments, the < Qdi > values tend to decrease with 
the increase of angles for 9 c . m . < 40°, and then grad- 
ually become nearly constant. It implies that, beyond 
this point, the kinetic energy damping is complete and 
dynamic equilibrium has been established before the scis- 
sion of the di-nuclear composite takes place. 



3. Total fragment yield 

The experimental angle integrated yields of the DI 
fragments for n B + 28 Si, 12 C -I- 27 Al, and, 12 C + 28 Si re- 
actions are shown in Fig. [7] It is found that the DI yields 
of all the fragments emitted in B+Si reaction are slightly 
higher than those obtained in C+Al and C+Si reactions. 
This may be due to the variation of the probability of 
net nucleon exchange. In addition, the DI fragment yield 
in C+Si reaction tends to be lower than that for C+Al 
reaction. 
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FIG. 6. (Color online) The average Q values, < Qdi >, 
plotted as function of 8 c . m . for Li (red triangle), Be (blue 
inverted triangle), and B (black solid circle) emitted in (a) 
n B + 28 Si, (b) 12 C + 27 A1, and (c) 12 C + 28 Si reactions. 
Solid lines are plotted to guide the eye. 
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FIG. 7. (Color online) Total DI cross sections of the fragments 
obtained in three different reactions. 



IV. DISCUSSIONS 

A. FF fragment emission 

In the case of the decay of 40 Ca*, the measured FF 
fragment yields (3 < Z < 5) have been found to be in 
good agreement with the respective statistical model pre- 
dictions (see Fig. 13]), indicative of the compound nuclear 



origin of these fragments. However, a previous study on 
the binary decay of the same system [40( (using inverse 
kinematical reaction) had reported an enhancement of 
fragment (6 < Z < 8) yield over the statistical model 
prediction and thereby conjectured the presence of orbit- 
ing mechanism. In the case of the decay of 39 K*, the 
absence of any entrance channel dependence (between 
B+Si and C+Al systems) and the matching of the ex- 
tracted FF fragment yields with the respective EHFM 
predictions (see Fig. |3]) have been clearly suggestive of 
the compound nuclear origin of these fragments. 



B. Angular momentum dissipation factor 

The angular momentum dissipation in DI collision is 
important to understand the variation of the mean ki- 
netic energies of the fragments as well as the energy 
damping mechanism in general. For heavy systems, the 
angular momentum dissipation is experimentally esti- 
mated using the a-particle angular distribution and the 
7-ray multiplicity data and it is known that the rigid 
rotation limit is usually reached in these systems (19| . 
For the light systems, the angular momentum transfer is 
generally estimated from the total kinetic energy of the 
rotating di-nuclear system, Ek, which is given by, 



E k = V N (d)+f 



■ hXjh + i) 

2/id 2 ' 



(2) 



where Vn(cI) is the contribution from Coulomb and nu- 
clear forces at di-nuclear separation distance d, fi is the 
reduced mass of the di-nuclear configuration, Zj is the rel- 
ative angular momentum in the entrance channel and / 
is the numerical factor denoting the fraction of the an- 
gular momentum transferred. For these light systems, 
there have been indications of large dissipation of rela- 
tive angular momentum [39j, which might be partly due 
to the ambiguity in the determination of the magnitude of 
angular momentum dissipation, as both d and / are un- 
known quantities (see Ref. (30j and references therein). 
A simple prescription for estimating both / and d was 
described in Ref. [3(|, where it has been shown that the 
fraction of angular momentum transfer for fully energy- 
damped DI collision of a few light systems is close to the 
corresponding rigid rotation limit (sticking limit). To see 
whether this trend is valid in general for DI collisions of 
light systems, angular momentum dissipation factor, /, 
for each exit channel mass asymmetry has been extracted 
for all the reactions, which have been displayed in Fig. [5] 
For the present calculations, the separation distance d 
between the two fragments has been estimated from the 
scission point configuration corresponding to the respec- 
tive asymmetric mass splitting [49j , and the value of ini- 
tial angular momentum U has been taken to be equal to 
the critical angular momentum for fusion, l cr . 

It is observed from Fig. [5] that for all the three 
reactions considered, the experimental values of the 
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FIG. 8. (Color online) The variation of angular momentum 
dissipation factor / with fragment. The solid circles (red), 
solid triangles (blue), and inverted triangles (black) are the 
extracted values of / for (a) n B + 28 Si, (b) 12 C + 27 Al, and 
(c) 12 C + 28 Si reactions, respectively. The solid (black) and 
dotted (pink) curves correspond to the sticking limit and the 
rolling limit predictions for the same, respectively. 

mean angular momentum dissipation are more than 
those predicted under the rolling condition; however, 
the corresponding sticking limit predictions of / are in 
fair agreement with the experimental values of the same 
within the error bar. In all cases, the discrepancy is more 
for the lighter fragments, and it gradually decreases for 
the heavier fragments. This may be explained in terms 
of the following qualitative argument. Microscopically, 
friction is generated due to stochastic exchange of nucle- 
ons between the reacting partners through the window 
formed by the overlap of the density distributions of the 
two. Stronger friction essentially means larger degree of 
density overlap and more nucleon exchange. The lighter 
DI fragment (corresponds to more net nucleon transfer) 
originates from deeper collision, for which the interac- 
tion time is also larger as seen in Fig. [3] Therefore, 
the angular momentum dissipation, originating due to 
the stochastic nucleon exchange, should also be more, 
which, at least qualitatively, explains the observed trend. 



ments have been fitted with two Gaussians to extract 
the fusion-fission and the deep-inelastic components. The 
cm. angular distributions of the fusion-fission fragments 
have been found to follow l/sin# c m . dependence, which 
signifies the emission of these fragments from a long- 
lived equilibrated composite. The total elemental cross- 
sections of the FF fragments have been obtained by inte- 
grating the angular distributions of the FF components. 
In the case of 12 C + 28 Si reaction, the integrated yields 
of the light fragments (3 < Z < 5) have been found to be 
in fair agreement with the statistical model predictions. 
It is interesting to note here that a previous study on 
fragment decay from the same system ( 40 Ca*, produced 
through inverse kinematical reaction 28 Si + 12 C at same 
excitation energy [5(|) has shown signatures of enhance- 
ment in fragment yield (for relatively heavier fragments; 
6 < Z < 8) over those predicted by the statistical model. 

We have also studied fragment emission from the near- 
est non - a cluster system, 39 K*, produced at the same 
excitation energy (67 MeV) via two different entrance 
channels viz. n B (64 MeV)+ 28 Si and 12 C (73 MeV) + 
27 A1 respectively. It has been found that the angular 
distributions of the FF fragments (3 < Z < 5) ob- 
tained in these reactions are almost similar and follow the 
l/sinf? c m . dependence, indicating the emission from an 
equilibrated source. The absence of any entrance chan- 
nel dependence is consistent with the compound nuclear 
origin of these fragments. 

The DI component of the fragment (3 < Z < 5) energy 
distribution in all the three reactions has been studied in 
details. It has been shown that the DI fragment angu- 
lar distribution falls much faster than l/sin# cm . distribu- 
tion. The time scale of the DI process has been estimated 
from these DI angular distributions. It has been observed 
that for all these reactions, the time scale, which is re- 
lated to net nucleon transfer, decreases as the fragment 
charge increases (closer to the projectile charge). It has 
also been observed that the average Q values for the DI 
fragments decrease with the increase of emission angle 
and saturate at higher angles, signifying a saturation in 
energy damping process beyond these angles. Assuming 
a compact exit channel configuration (estimated from the 
extracted FF part of the spectra), the angular momen- 
tum dissipation factor, /, for the DI process has been 
extracted. For all the three reactions, the experimental 
values of / have been found to be in fair agreement with 
the corresponding sticking limit predictions. 



V. CONCLUSION 



Light fragment (3 < Z < 5) emission in n B (64 MeV) 
+ 28 Si, 12 C (73 MeV) + 27 Al and 12 C (77 MeV) + 28 Si 
reactions have been studied in details. The inclusive dou- 
ble differential cross sections for the fragments emitted in 
these reactions have been measured in the angular range 
of ^12° to 55°. The energy distributions of the frag- 
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